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ABSTRACT 

When the supersymmetric theory contains the "anomalous" U(l) gauge sym- 
metry with Green-Schwarz anomaly cancellation mechanism in 4 dimensions, its 
Fayet-Iliopoulos D-term generates non-universal scalar masses and the positive 
cosmological constant after the supersymmetry breaking. Both give the new con- 
tributions to the known results from F-term. Our mechanism is naturally realized 
in many string models and in some cases, leads to remarkable cancellations between 
F- and D-term contributions, providing the universal scalar mass and vanishing 
cosmological constant. We illustrate how such a possibility can arise by taking a 
simple orbifold example. 
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Supersymmetry (SUSY) provides us with an attractive picture for the physics 
above the weak scale mz up to the Planck scale Mp. Despite the beautiful struc- 
ture, we have no convincing evidence yet that such an idea is realized in Nature. 
This is primarily due to our lack of satisfactory mechanism for dynamical SUSY 
breaking! 11 It should explain the origin of the mass hierarchy mz <C Mp and the 

[21 

reason why the cosmological constant A vanishes after the SUSY breaking. It 
should also lead to the predictive low-energy theory to be experimentally checked; 
without it, we are faced with general set of soft SUSY-breaking parameters. 

Here we have little to say about the SUSY-breaking mechanism. We assume 
that some mechanism primordially generates the observable SUSY-breaking scale 
m 3/2 ~ m z- In fact, there has been recent development in this area; in string 
theory, for instance, it was argued' 31 that the hidden-sector gaugino condensation) 41 
combined with the stringy quantum symmetry, target-space duality, generates the 
nonperturbative superpotential, which may break the SUSY in F-term sector. Soft 
breaking parameters were also calculated.' 6,7 ' 81 

So far, much effort has concentrated only on F-term sector. After early 
attempts,' 9 ' 101 little attention has been paid to F-term sector. Our purpose here is 
to address its possible role in the phenomenological issue related to scalar masses 
and also in the cosmological constant problem. We find that if the theory contains 
an "anomalous" U(l) gauge symmetry, its Fayet-Iliopoulos (FI) F-term leads to 
interesting, remarkable consequences once the SUSY breaking in F-term sector is 
incorporated. 

Low-energy phenomenology requires'" 1 to some extent the "universality" of 
soft-breaking scalar masses; motivated by "minimal" supergravity, most of phe- 
nomenological analyses assume that the scalar masses are all equal at Mp, and 
deal only with the radiative corrections which invalidate the equality at a scale 
lower than Mp. However, being not the logical consequence of local SUSY, such 
an assumption may well be violated. Actually the universality does not holds in 

[7] [12 13] 

many string-model calculations. Moreover some authors point out ' in the con- 
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text of grand unification that even if it holds primordially at Mp, when an U(l) is 
broken at M GUT , the universality is lost due to its D-term, provided that SUSY- 
breaking effects are properly incorporated and that the primordial universality is 
already violated at M GUT by radiative corrections above M GUT . The appearance of 
such D-term mass splitting, however, seems to depend on the details of the super- 
potential above M GUT which gives rise to the requisite radiative corrections. The 
last condition was necessary essentially because the U(l) generator, embedded in a 
simple group, is traceless. The situation drastically changes when the theory con- 
tains the so-called "anomalous" U(l); an U(l) gauge symmetry with nonvanishing 
anomaly, when calculated from massless spectrum alone, which is actually canceled 
via 4d Green-Schwarz (GS) mechanism! 141 Then the U(l) generator Q is no longer 
traceless TrQ 7^ and the D-term splitting arises independently of superpotential. 

Let us first adopt a simple model to illustrates the idea. Apart from the unspec- 
ified sector responsible for the SUSY breaking, the model contains an anomalous- 
U(l) vector multiplet, a "dilaton-axion" (linear) multiplet L responsible for GS 
mechanism) 15 ' 161 and set of chiral multiplets whose scalar components we denote 
as $7 = (4>o = X)4>i) w ^h charge Qj = (Qo,Qi). We assume that only Qq takes 
the opposite sign to TyQ, and for simplicity, assume canonical kinetic terms and 
vanishing superpotential for chiral fields. We start with the situation with the un- 
broken SUSY and vanishing FI D-term at tree level. Its generation at one-loop 1101,1 
leads to the non-quartic scalar potential 



I 

where g 2 is a gauge coupling constant and M is a cutoff for quadratic divergence 
in FI term. Under our assumptions, this potential shows the global minimum 



Nothing happens at this stage; the SUSY remains unbroken, and the vector mul- 
tiplet becomes massive and decouples.' 151 




(1) 



X 




M 2 TyQ + Q \x {0) \ 2 = . 



(2) 
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We now assume' 131 that the SUSY breaking results in the soft breaking masses 
m 2 (> 0) of the scalar $/, of order rn^ 2 <C M 2 . The m 2 may or may not be 
universal. Then the scalar potential takes the form 



\/($) = \/(°)($) + ^mf|$j| 2 . (3) 



[17] 

We integrate out the heavy field x to obtain the effective potential of the light 
fields (pi. A minimization with respect to x gives 



M 2 TrQ + Q \x\ 2 = - Y^QM 2 (4) 

which we solve as x — x{4>i)- Observe the order m^ 2 shift' 13 ' 171 from Ix^l 2 
in the vacuum expectation value (VEV) of x- The effective potential U e fj(0) = 
V(x{<t>i)Ai) is 



We thus find the D-term contributions to scalar mass (m?) D = Qivn^j{— Qq) 
which are generally non-universal, and also the positive cosmological constant A]j 
of order m\M 2 . [mf) D does not depend on a cutoff M 2 while the Ad does. 

What are phenomenological implications of D-term mass splitting? TrQ ^ 
implies that we may assign U(l) charge Qi at will, and the primordial universality 
will, if any, be completely broken. This may lead to a disaster, or to an interesting 

[18] 

scenario; it might split the masses of Higgses in SUSY standard model, breaking 
the electroweak symmetry around m 3 ^ 2 . This can be an alternative to widely- 
studied radiative breaking scenario.' 191 Anyway, a moral of this simplest model seems 
to be that we can have almost any type of scalar masses as we desire (unless gaugino 
masses dominate them over). 
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The situation again changes if we suppose that the theory be embedded into the 
supergravity in which we should take care of other mixed-type anomalies. It is likely 
that the absence of Kahler, <7-model as well as superconformal anomalies' 161 forces 
the theory to be embedded into a string model where the world-sheet modular 
invariance will guarantee the full consistency. Such an embedding will be the 
unique way to make sense of an U(l) without an unification group! 201 Hereafter we 

[21] 

focus on (0,2)-string models with an anomalous U(l). 

Let us briefly recall the relevant things about generic string models.' 3,7 ' 81 First, 
the target-space duality symmetry T constrains the possible nonperturbative su- 

[22] 

perpotential W(S,T) of the dilaton multiplet S (dual to L) and overall Kahler 
moduli multiplet T. We assume the diagonal Kahler potential K for simplicity. 

[3] 

The resulting scalar potential generically yield the negative cosmological constant 



A F = ml /2 Mp 



F S \ 2 + \F T \ 2 



( < 0) . (6) 



Fst are essentially auxiliary fields of S and T, whose nonzero VEV's break the 
SUSY and are parametrized 181 by the Ap, gravitino mass rn^ 2 = e K \W\ 2 and 
Goldstino angle, tan# = \Fs/Ft\- We treat them as free parameters since the 
problem of dynamical SUSY-breaking is not settled. Next, massless matter fields 
<&/ are classified' 6 ' 71 according to an integer nj called "modular weight", which 
characterizes the transformation property under T. In simple orbifold cases, it 
takes n = — 2 (—1) for (un)twisted matter. It was argued' 71 that the scalar masses 
are not universal, but depend on the modular weight as (mfj F = m 2 , + nirh\ 
which depend on three parameters Ap, m \/2i ^ = at tree level) through 



2 

n 

[8] 



~2 2 A F ~2 T 2 Af]COS 2 # / \ 



A F i cos 2 6> 



We now add the D-term contributions. We neglect the possible threshold 
corrections 161 to the D-term (1). As for the cosmological constant, keeping only 
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the dominant term in eq. (5), 



cA D = m 2 /2 M^(l + n cos 2 9) + A F (l + y cos 2 #) (8) 

where c = (-Q /TrQ)M^/M 2 . [M 2 = M^/(192tt 2 ) in string! 231 ] This is positive 
for TOq = TOq + nom 2 > 0. In a given model with A_p < 0, we can always find 
a value of m^ 2 so that the total cosmological constant vanishes Ap + jj = 0. This 
process may well involve fine-tuning, but it can be done without any other F- 
term contributions nor complicated Kdhler potential 1 . 2 * 1 A similar Ad may arise, 
depending on the matter superpotential, even if the U(l) is not anomalous. With 
an anomalous U(l), it always arises and as we will see, is intimately related to the 
scalar-mass universality. 

As for the scalar masses, we take a model of ref. [25] with a left-right symmetric 
gauge group as an interesting example. [This model was obtained from Z3-orbifold 
with suitable gauge embedding and two Wilson-lines.] An anomalous U(l) comes 
from the second Eg of the heterotic string. Before the anomalous- U(l) breaking, 
TtQ = +864 and a single type of fields x (u m r ef- [25]) with Qo = —12 and uq = —1 
develops the VEV x^ to cancel the D-term. After the breaking, surviving fields fa 
show an interesting feature; the U(l) charge Qi is "proportional" to the modular 
weight rii. In visible sector, untwisted matters (other than x) are neutral, and 
massless twisted matters have charge Qi = +4. This will enable us to have the 
restored universality. Taking more general case in mind, let us make an ansatz 



Qi _ rij-b 
Qo a 



(9) 



Combining F- and D-contributions, 



b-m\ 



{ m i)F+D = m o + bm 1 H m + (n - a)m 1 . (10) 

If we tune the Goldstino angle 9 so that m 2 - am 2 = m 2 + (n - a)m 2 = 0, then 
the Qi-dependence in (mf) D cancels out the ni-dependence in (mf) F and we have 



6 



the universal scalar mass rn F+D = (a + b — no)m\. [Having a > will be enough to 
have milder dependence on modular- weights even without the ansatz (9).] Finally 
we present a simultaneous solution to the vanishing A F+F > and universal m 2 F+D for 
a given A F < 0. It is (d — at tree level) 

= !+(!_=•)„ , = (l-^)a (11) 

-A F V a / cos 2 # 3c V 



a 



with the universal scalar mass 



2 _ (a + b-n )c 2 
mF+ ° " a + (a - n )c m3 / 2 " (12) 



In our example (a = 3, 6 = n = -1, c = 8tt 2 /3), m 2 /2 ~ 2(47r/3) 2 (-A F )/M^, 
cos 2 ~ 1/4 and rn F+D ~ m^ 2 /4 (in the limit c — > oo). 

We have found that after the SUSY breaking, the FI D-term of anomalous- U(l) 
generates new contributions to the scalar masses and cosmological constant which 
have not been noticed previously. The former generally breaks the universality 
of scalar masses independently of the superpotential and may give an impact on 
phenomenology of low-energy SUSY. On the other hands in some string models, it 
restore at least partially the broken universality. Also the latter provides a chance 
to automatically cancel the cosmological constant. It is worth examining other 
string models (such as flipped SU(5) x £7(1) [261 ) to clarify the generality of our 
mechanism. Also the complete analysis including other soft-breaking parameters 
as well as one- loop corrections [6 ' 161 are desired. Finally as in the generic supergrav- 
ity models) 27 ' 291 our model may suffer from the "entropy crisis", the cosmological 

[28] 

problem related to the "axions". Its solution might require the better under- 
standing for the mixing of the Goldstone mode (Im%) and axions (ImS*, ImT), or 
require' 291 the rather large m 3 / 2 = O(10) TeV, in which case the phenomenological 
requirement of the scalar-mass universality disappear as well. Works along these 
lines are in progress. 
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